The A33 antigen is a cell surface glycoprotein of the small intestine and colonic epithelium with homology to tight junction-associated proteins of the immunoglobulin superfamily, including CAR and JAM. Its restricted tissue localization and high level of expression have led to its use as a target in colon cancer immunotherapy. Although the antigen is also present in normal intestine, radiolabeled antibodies against A33 are selectively retained by tumors in the gut as well as in metastatic lesions for as long as 6 weeks. Accordingly, we have studied the traYcking and kinetic properties of the antigen to determine its promise in two-step, pretargeted therapies. The localization, mobility, and persistence of the antigen were investigated, and this work has demonstrated that the antigen is both highly immobile and extremely persistent-retaining its surface localization for a turnover halXife of greater than 2 days. In order to explain these unusual properties, we explored the possibility that A33 is a component of the tight junction. The simple property of surface persistence, described here, may contribute to the prolonged retention of the clinically administered antibodies, and their uncommon ability to penetrate solid tumors.
Introduction
The recent success of several radioimmunotherapeutics has demonstrated proof of principle for this type of targeted cancer therapy [1] . Unfortunately, in many potential applications, bone marrow toxicity limits therapy. In order to circumvent this toxicity, a two-step strategy, known as pretargeted immunotherapy (PRIT) has been proposed, in which the targeting construct and radionuclide are separated into two distinct dosing steps. In this way, one preserves the speciWcity of antibody binding in tumor targeting, but eliminates the toxic eVects of long-lived directly labeled antibodies. When compared to single step therapies using directly labeled antibodies, PRIT has generally lead to lower toxicity and better eYcacy [2] [3] [4] . However, the addition of a separate step constrains the desirable kinetic attributes of the cellular target in comparison with direct RIT, immunotoxin therapy, or approaches relying on eVector functions. In PRIT, the competing interests of target saturation, clearance of unbound construct from the circulation, availability of the construct to chelated radionuclide, suYcient proximity to the nucleus relative to decay pathlength, and the halXife of the radionuclide must all be taken into consideration. This study seeks to determine if the A33 antigen, a member of the immunoglobulin superfamily (IGSF) with homology to cell adhesion [5] and tight junction-associated (TJ) proteins [6] , possesses the properties particularly suited for PRIT.
The A33 antigen is an abundant cell surface protein expressed in 95% of colon tumors, and in normal intestine, but not in other organs [7] . This restricted expression pattern led to interest in use of the A33 antigen in RIT, and directly 125/131 I radiolabeled A33 antibodies were administered to patients with colon cancer in a series of phase I and II clinical trials [8] [9] [10] [11] [12] [13] . The results of these trials were mixed from a therapeutic perspective, as some patients developed an anti-antibody response [14] , and there was dose-limiting bone marrow toxicity. However, they were also quite promising in that they exhibited a startlingly localized persistence of radiolabel. A33 was constitutively expressed in the entire intestine, and evenly throughout the villus axis [15] . Provocatively, however, it was found that after an initial period of time in which the therapeutic conjugate bound the entire intestine, after a period of a week, staining was present only in tumors-both primary and metastatic sites [8] -and whole body scans revealed labeling even 6 weeks after antibody administration [10] .
Distinguishing self from target cells poses a particular problem in cancer, in which the tumor cells are of self-origin and consequently share much antigenic similarity with the tissue of their origin. RIT rests on the premise that there are surface antigens with diVerential expression in tumors. Despite failing to fulWll this basic premise, and consequent dosing of the entire intestine with radioactivity in A33 antigen RIT studies, dose-limiting toxicities were not gastrointestinal. This lack of gastrointestinal toxicity could be attributed to the relatively small dose of radiation to both tumor and normal intestine in comparison to the dose absorbed by the bone marrow, which was the limiting toxicity. Under conditions in which a therapeutic eVect on tumor cells is achieved, it is likely that the expression on normal cells will present a toxicity problem. Accordingly, the presumptive ceiling imposed by normal tissue expression, and the tumor-speciWc staining observed after a week, provoke considerable interest in the study of A33 as a two-step immunotherapy target.
Several possible explanations have been advanced as to how tumor speciWcity occurs for A33 antibodies, including diVerential accessibility or endocytosis between normal and cancerous tissue. However, the simplest notion is that speciWcity results from normal shedding of the colonic epithelium. As this process of migration and sloughing occurs over the course of several days, this theory is consistent with the clinical data.
Regardless of the mechanism by which tumor-speciWcity is gained, in order to be a useful target in PRIT, the antibody speciWcally localized to tumors after 1 week must be retained on the tumor cell surface-available to bind a radionuclide construct. Therefore, we undertook a study to determine the traYcking and persistence of the A33 antigen in cultured colon tumor cell lines, as well as some preliminary work to understand the etiology of this unique in vivo persistence.
Materials and methods

Cell culture
The immortalized human colonic tumor cell lines LS174T, LIM1215, COLO205, and SW1222 cells were grown in advanced MEM supplemented with L-glutamine and 10% FBS (Gibco). Where appropriate, cells were Wxed and permeabilized with BD cytoWx and cytoperm (BD Biosciences) according to the manufacturer's instructions. For internalization studies, latrunculin B (Sigma) and nocodazole (Sigma) were dissolved in DMSO and added to culture media for Wnal concentrations of 100 nM and 50 M, respectively. EGTA was directly dissolved in culture media for a Wnal concentration of 25 mM. MCF-7 cells expressing a CEACAM1-egfp fusion protein used in photobleaching experiments were a kind gift of Dr. John Shively and were cultured as described previously [16] .
Fluorescent labeling of cells
The mouse anti-A33 antibody m100.310 (gift of Dr. Gerd Ritter) was conjugated to Alexa*488 or Xuorescein according to the manufacturer's instructions (Molecular Probes A-20181, F-6433), and goat anti-mouse PE was used as a secondary (Sigma). Anti-CEA shMFE was likewise conjugated to Alexa*594 (Molecular Probes A30008). For colocalization experiments, LIM1215 cells were permeabilized-Wxed with methanol at ¡20°C for 5 min, and then stained with either rabbit anti-human occludin (Zymed), or mouse anti-human ZO-1 (Zymed). These primary antibodies were subsequently detected by Cy3-conjugated donkey anti-rabbit and anti-mouse antibodies, respectively (Jackson immunoresearch Laboratories). Actin was labeled with Alexa*546-conjugated phalloidin (Molecular Probes).
Vybrant DiI (Molecular Probes) was used to label bulk membrane for photobleaching experiments. For DiI labeling, the media above the monolayer was replaced with 300 mM sucrose in PBS, and then 2 l of the DiI label was slowly added to the sucrose solution above the monolayer and allowed to incorporate into the membrane for 10 min before the sucrose solution was removed and replaced by fresh media.
Fluorescence microscopy Cells were grown on coverslip-bottomed dishes (Mattek), labeled as described above, and imaged on a Deltavision deconvolution microscope with a 1.4 NA oil lens at 100£ magniWcation. The resulting images were subsequently deconvolved and analyzed using the SoftWorx application.
Colocalization study images were acquired using a confocal LSM510 Zeiss microscope equipped with an oil immersion plan apochromatic 100£ lens, NA 1.4.
Flow cytometric internalization assay
For analysis of kinetic internalization of the antigen in live cells, a suspension of 4 £ 10 6 cells/ml was labeled with m100.310 Alexa*488 in media on ice for 1 h at 100 ng/ml in order to identify total surface-localized antigen. After labeling, cells were washed and resuspended in CO 2 -independent media (Gibco), diluted to 4 £ 10 5 cells/ml, and incubated in a 37°C shaker in air for the course of the experiment. At each timepoint, 1 ml aliquots were taken, washed once with 0.5 ml PBS 0.1% BSA, and incubated with 100 l of 2:100 dilution of anti-mouse PE (Sigma) on ice for 15 min, allowing for the quantiWcation of antigen that remained surface-localized after the incubation period. Cellular Xuorescence was then analyzed on a Beckman Coulter XL-4 Xow cytometer. Secondary-only and 4°C controls were maintained.
Transepithelial electrical resistance measurements
Eighty thousand SW1222 cells were plated on a transwell insert (Corning 3470). One day after plating, 1 l of anti-FLAG antibody (Sigma) and huA33 antibody (gift of Dr. Gerd Ritter) at 1 mg/ml were added to both apical and basolateral chambers. Each day following antibody addition, resistance measurements were taken with a millcell-ERS (Millipore) after equilibration of the plate for an hour at room temperature.
Fluorescence recovery after photobleaching LS174T cells were labeled with either Xuoresceinated m100.310 or the membrane dye DiI as described above. Bleaches were performed on a Zeiss LSM 510 confocal microscope with a 1.4 NA oil lens at 67£ magniWcation on a heated stage. Sections of membrane were bleached with full laser power on all channels for 50-100 iterations, resulting in bleaches of between 20 and 80% of initial Xuorescence. Fluorescence intensity in the bleach region was recorded and then adjusted to correct for background bleaching due to repetitive imaging over the course of the experiment. Appropriate controls were performed in order to ensure that bleaching was non-reversible. The data presented is the average of a minimum of six experiments. The resulting Xuorescence recovery data was used to calculate relative diVusivities [17] [18] [19] .
Biotinylation turnover assay
The biotinylation turnover assay was adapted from a protocol designed to measure endocytosis and recycling rates [20] . BrieXy, cells were cultured in 12 well dishes overnight, then cell surface proteins were pulse biotinylated by incubation in 1 ml of ice cold PBS containing freshly dissolved NHS-SS-Biotin (Pierce 21217) for 1 h. Following this incubation media was replaced with 100 mM Tris to quench unreacted biotin for 5 min at 4°C. After quenching, the Tris solution was removed and replaced with media, and cells were returned to the incubator at 37°C and 5% CO 2 . At each timepoint, media was removed and cells were incubated in 1 ml lysis buVer for 10 min. They were washed oV the plate and set on ice in a microfuge tube for another 10 min after vortexing brieXy. Samples were then spun at 12,000 rpm for 15 min to clear the lysate, which was then frozen. When the timecourse was complete, the lysates were incubated with 100 l streptavidin resin beads (Pierce 53114) on a rotator overnight at 4°C. The streptavidin beads were then spun down, washed, and the bound biotinylated proteins were released by incubation in 75 l of 100 mM DTT in PBS at 37°C for 1 h, mixing every 15 min. Samples were then mixed with loading buVer and run on a 4-12% bis-tris gel (Invitrogen) and run and transferred onto nitrocellulose according the manufacturer's instructions. The nitrocellulose membrane was blocked and blotted as previously described to detect denatured A33 antigen [21] .
Results
A panel of A33-expressing colon tumor cell lines were Wxed, permeabilized, and stained to detect A33 (Fig. 1a) . There was very little evidence of intracellular staining in three of the four cell lines tested, suggesting there may be little, if any, constitutive endocytosis of the A33 antigen. Additionally, live cells were incubated with antibody for various and extended periods of time, in order to follow antibody-driven internalization, the same pattern of membrane-only staining was observed (data not shown) in these cell lines. This result contrasts earlier reports in which acid washes of labeled SW1222 cells demonstrated the internalization of 40% of the antigen when complexed with an antibody that recognizes a diVerent epitope [22] . This discrepancy between our Wndings using SW1222 and previous studies may be due to diVerences in the methodologies used to identify surface and intracellular pools, or to a diVerential eVect of the two anti-A33 antibodies on antigen traYcking. LIM1215 cells were an exception and had clear intracellular accumulation, both in Wxed cells and in live antibody-complexed populations. This cell line may be representative of a subclass of colonic crypt cells located at the extreme tip of the villus, which are proximal to being shed (C. Chalouni, unpublished).
These localization patterns were conWrmed and quantiWed for a larger population of cells using a kinetic Xow cytometry assay (M. Schmidt, in preparation) capable of following the course of antigen internalization (Fig. 1b) . Suspended cells were A33-labeled on ice, washed, and incubated in media at 37°C. At various times, aliquots were removed and labeled with PE-conjugated anti-mouse secondary, such that primary signal corresponds to total antibody-labeled antigen, and secondary signal to the fraction of labeled antigen that remains surface accessible. Average Xuorescence intensities were standardized to time zero and graphed over time. In most cell lines, the fractional decline in primary and secondary signals was roughly equal, indicating that the bulk of the primary-labeled antigen remained on the cell surface, accessible to secondary. In each experiment, primary signal was seen to decrease, which is likely due to dissociation of the primary antibody, as the antigen itself is not shed [8] . However, the possibility that there is rapid catabolism of antibody following internalization has not been eliminated.
Overall, with the exception of LIM1215, there appeared to be little endocytosis in the cell lines tested (Fig. 1b) . Despite the limitations inherent to assaying cells in suspension, and the signiWcant decrease in primary signal over the course of the experiment, these results are consistent with the small amount of A33 observed intracellularly in cultured monolayers both at steady state (Fig. 1a ) and when complexed with m100-310 antibody for a prolonged period of time (data not shown), as well as in resected human colon.
The lack of signiWcant internalization of the antigen in several tumor cell lines raised questions concerning the mechanism of this persistence at the surface. Given its homology to several tight junction-associated proteins and cell adhesion molecules (CAMs), a series of colocalization studies were performed (Fig. 2) . Despite diVering substantially from the other lines tested, LIM1215 cells were used for this work, as they were potentially more discriminatory due to their internal reservoir of antigen. Indeed, in immunoXuorescence images of LIM1215 cells, A33 was shown to partially colocalize with occludin (2a), ZO-1 (2b), and actin (2c), not only at the plasma membrane, but also in a few intracellular vesicles. Antibody-bound A33 antigen shows persistent surface localization in a Xow cytometric assay of dynamic internalization kinetics. Suspended cells were A33-labeled at 0°C and then incubated at 37°C, allowing labeled antigen to be internalized. After shifting cultures to 37°C, aliquots were removed and labeled with anti-mouse PE and analyzed Xow cytometry in order to determine the fraction of labeled A33 that remained surface accessible over time. The level of surface-accessible A33 did not fall signiWcantly below the level of total A33, indicating little internalization of the antibody-bound antigen in all cell lines tested except LIM1215. The decrease in total A33 signal is likely due to dissociation of the primary antibody, as the antigen is not shed Next, based on its homology to and partial colocalization with various TJ proteins, we determined whether A33 is traYcked in a manner similar to other TJ proteins. A number of physiological changes and signaling molecules are capable of altering the composition or disrupting the localization of the TJ [23] [24] [25] [26] . The best known of these disruption methods consists of a calcium switch from normal media concentrations to a low calcium environment, either by use of calcium-free media, or by chelation, resulting in endocytosis of the TJ.
Indeed, when A33-labeled LS174T cells were treated with 25 mM EGTA, a fraction of the surface A33 was endocytosed into intracellular compartments (Fig. 3a) similar to those observed for TJ proteins such as JAM-1, occludin, and ZO-1, and the adherens junction molecules -catenin and E-cadherin [27] . As the various components of the TJ can be sorted into diVerent compartments upon internalization, we also sought to determine the fate of endocytosed antigen. The internalization assay was modiWed such that LS174T cells were Wrst A33-labeled and then tightjunction internalization was triggered by a calcium switch. Low calcium media was then replaced with fresh, calciumcontaining media (washout), and recycled antibody-bound antigen was detected by binding of a secondary antibody (Fig. 3b, closed squares) . The clear increase in secondary signal indicates that internalized antigen was able to return to the surface. In order to distinguish the relative contributions of resurfacing and possible new synthesis following the calcium switch, samples were also re-labeled with primary (open circles) following the incubation with secondary antibody. Recycling accounted for the bulk of overall signal increase, as opposed to additional primary labeling, which includes both new synthesis as well as replacement of primary label that may have dissociated during the course of the experiment.
Another behavior common to various IGSF proteins is a role in adhesion and subsequent establishment of barrier function-many A33 homologs participate in dimeric interactions involved in securing cell-cell contacts [28] [29] [30] [31] . A number of viruses bind to IGSF proteins, even producing proteins that interfere with epithelial integrity by blocking these dimeric interactions [32] . We therefore investigated the ability of the clinical anti-A33 antibody to inXuence monolayer integrity as a means of accounting for the ability of the clinical antibody to penetrate tumors. One day after plating on a transwell insert, SW1222 cells were treated with either huA33 antibody or mouse anti-FLAG antibody as a control. In the presence of A33 antibody, the monolayer did not fully tighten, as evidenced by a decrease in electrical resistance, indicating a greater degree of leakiness of the tight junctions (Fig. 3c) . This increased permeability not only connects A33 to other tight junction proteins and IGSF's, it implies a possible functional role in adhesion. Interestingly, when A33 antibodies were applied to fully formed monolayers, they were unable to increase permeability (data not shown), indicating that they lack the ability to actively pry open sealed junctions. This discrepant behavior may indicate that there is diVerential access to antigen between normal colon and tumors, which are known to possess disordered and leaky tight junctions [33, 34] .
Thus far, we have demonstrated that A33 antigen is partially colocalized with various TJ components, is internalized upon calcium switch, and antibodies to A33 can inXuence monolayer resistance. These results suggest a role for A33 at the TJ-an interesting possibility given the disorder of the TJ in cancer [33, 35, 36] and some of the proposed mechanisms by which A33 antibodies may gain tumor speciWc localization despite expression throughout the intestine. However, as the LS174T cells used did not form polarized monolayers, they are of limited utility in fully investigating the possibility that A33 is a component of the tight junction.
From a tumor-targeting perspective, these results are secondary to the unusual persistence of radiolabel in clinical patients, and the lack of internalization observed in cultured cells (Fig. 1) . In fact, the results of the internalization assay hint at surface persistence that is longer lived than bulk membrane and accompanying proteins. In order to avoid capture and degradation during normal membrane turnover, we next supposed that there might be a tether actively stabilizing A33 in the membrane. Due to its colocalization with actin, and the actin-TJ linking protein ZO-1, the cytoskeleton was clearly implicated. Additionally, the cytoskeleton has been shown to regulate junction assembly and remodeling [37] .
Accordingly, actin and microtubules were disrupted by treatment with either latrunculin B (Fig. 4a) or nocodazole (Fig. 4b) . When A33-labeled cells were treated with these cytoskeleton-disrupting drugs, the antigen was internalized in a manner similar to the calcium switch-indicating that persistent surface localization requires intact cytoskeleton. Additionally, following a calcium switch, LS174T cells were washed into either normal media or media containing EGTA, nocodazole, or latrunculin, and at various timepoints aliquots were removed, A33 labeled, and analyzed by Xow cytometry (Fig. 4c) . When EGTA was washed out and no drugs were washed in, the surface localization of A33 was restored. This restoration was blocked by disruption of the cytoskeleton.
Since many TJ proteins interact with the cytoskeleton and ZO-1 through a series of well-characterized binding domains, we looked for motifs within the A33 intracellular domain, which has been described as unusually acidic [6] . Upon closer inspection, a short region with high homology to occludin was found (Fig. 4d) . Initially, this region of occludin was found to be required for TJ/membrane localization [38] . When the crystal structure of occludin was solved, it was found that this region acts as a hinge between two positively charged, acidic domains that are required for binding to ZO-1 [39] . Despite being otherwise non-homologous, the similarity between its intracellular domain and that of A33 are striking and point toward the possibility that they may have a common set of interactions with cytosolic proteins-most notably with the actin cytoskeleton, possibly through ZO-1.
As another means of assessing whether the A33 antigen is tethered on the membrane or part of a large protein complex such as the TJ, a series of photobleaching experiments was performed, in which the cell membrane was bleached When EGTA is washed out, previously labeled A33 returns to the surface. Cell aliquots were labeled with m100.310*Alexa 488 and then treated with EGTA for 2 h. Following media replacement, aliquots were removed and labeled with a secondary-PE conjugate, and then again with m100.310*Alexa 488, and subjected to Xow cytometry. c Anti-A33 antibody decreases monolayer integrity. SW1222 cells were grown on transwell inserts, treated with antibodies 1 day after plating, and transepithelial electrical resistance was measured across the monolayer at cell-cell junctions, and the recovery of either Xuoresceinconjugated antibody-bound A33 or the membrane dye DiI was followed. The Xuorescence of the membrane dye DiI had an almost complete recovery, while only 10% of A33 Xuorescence was seen to recover over the course of 1 min (Fig. 5a) . When observed over a longer period of time, A33 recovery was quite slow, and indicated that more than half of the antigen is immobile (Fig. 5b) . This dramatic surface immobility corresponds quite well to other tight junction proteins, which have been studied in both cultured cells and live drosophila embryos [40, 41] .
The bleach geometry used prevents reporting of an accurate diVusivity value, as diVusivity is highly dependent on the area of the bleach region, which could not be precisely determined. However, since bleach areas were similar for both A33 and DiI, relative diVusivities can be reported. Excluding the immobile fraction, the diVusivity of complexed A33 was 2.5-3 orders of magnitude slower than that of DiI. As a second point of comparison, DiI recovery was compared to recovery of a CEACAM1-egpf fusion protein [16] in MCF-7 cells (data not shown). CEACAM1-egfp is known to reside in lipid rafts, but also to associate with actin through its short cytoplasmic domain [42, 43] . Using the same bleach methodology, the diVusivity of CEA-CAM1, a distant homolog of A33, and a veriWed cell adhesion molecule, was found to be only fourfold slower than DiI.
As there was no signiWcant diVerence between the recovery of A33 at regions of cell-cell contact and at regions of the membrane not associated with other cells (data not shown), this stability must not depend on trans interactions between cells at the TJ, and points toward either the incorporation of A33 antigen into a larger protein complex which is highly stabilized, or a more direct interaction with static regions of the cytoskeleton. Regardless of mechanism, an interaction with the cytoskeleton is consistent with our colocalization observations, homology, and the data demonstrating that the cytoskeleton is necessary for localization.
Additionally, since the persistence of label in clinical patients is the key feature of this antigen, we next determined the turnover halXife of antigen in cultured LS174T monolayers (Fig. 5c ). Monolayers were pulse-biotinylated and at various timepoints total protein was extracted. Biotinylated proteins were pulled down by incubating the lysate with streptavidin resin, and then cleaved from the resin by reduction of a disulWde bond. The resulting samples were run on an SDS-PAGE gel, transferred to tion, media was exchanged with either fresh media (washout), or fresh media containing latrunculin, nocodazole, or EGTA (continued EG-TA). Surface localization was restored only in cells with intact cytoskeleton and normal calcium levels. d Possible functional homology between A33 and occludin intracellular domains. A33 and occludin share a highly acidic intracellular region and a negatively charged hinge found to be important for TJ localization. Hydrophobicity plot of A33 antigen, detailing the hinge region with high homology to occludin nitrocellulose, and blotted to detect A33. Band intensities were quantiWed and Wtted to an exponential decay. In this manner, the halXife of A33 was found to be 56 h. With a halXife of over 2 days, the A33 antigen is highly persistent relative to typical membrane proteins turnover times. For example, the turnover halXife for CEA in these same samples was found to be 15 h (M. Schmidt, unpublished). This long halXife is expected to be partially responsible for the sustained persistence of the therapeutic antibody to A33 in patients. Most signiWcantly, this long halXife provides a strong motivation for further clinical study of the antigen as a target in PRIT.
Lastly, as there are a number of cell surface antigens with promise as targets in PRIT, we also directly compared A33 with what is perhaps the best studied of these antigens. Carcinoembryonic antigen (CEA) is a cell surface antigen that is frequently expressed at high levels at the apical surface of epithelial cells, and in a nonpolarized surface pattern in colon tumors [44] . Numerous studies have been performed targeting this well-characterized protein. As accessibility to chelated radionuclide is a key requirement for successful PRIT, we sought to compare the accessibility of antibody bound to A33 with CEA. Accordingly, LS174T cells were labeled with both an anti-A33 antibody (m100.310 Alexa*488) and an anti-CEA scFv (shMFE Alexa*594), and incubated at 37°C for 2 h prior to imaging. Intriguingly, after as short a period of 2 h, there is signiWcant internalization of CEA, while A33 remains stably located at the cell surface, available to bind the radionuclide construct (Fig. 5d) .
Taken together, these results demonstrate that the A33 antigen is a highly persistent, largely immobile, surfacelocalized protein. These Wndings help explain the unusual persistence of tumor associated anti-A33 antibodies in clinical trials, and indicate that the A33 antigen may have unique promise as a target in PRIT. Cell surface proteins of cultured LS174T cells were pulse-biotinylated, extracted, and pulled down with streptavidin beads. The precipitated proteins were reduced oV the beads, subjected to gel electrophoresis and blotted to detect A33 antigen. Signal intensity of two data sets is plotted against time post-biotinylation, and Wt to an exponential decay. d While other immunotherapy targets are internalized, A33 antigen remains on the surface. LS174T cells were labeled with both m100.310*Alexa 488 and anti-CEA shMFE*594 for 2 h at 37°C before imaging on a deconvolution microscope Discussion A33 is a highly persistent surface-localized antigen. While the antigen is not cancer-speciWc, antibodies against A33 gain tumor speciWcity over the course of a week, possibly as the normal intestinal epithelium is shed. Most tumor cell lines tested showed little or no internalization of the antigen, both by immunoXuorescent imaging of permeabilized and live, antibody-complexed cells, and in a Xow-cytometric internalization assay which monitored accessibility to a secondary antibody. While initially surprising, as there had been reports that the antigen was internalized when bound by an antibody which recognizes a diVerent epitope [22] , this result is consistent with immunoXuorescence images of resected colon tissue, in which the steady-state distribution of antigen is entirely on the cellular surface, with the possible exception of cells at the very tip of the crypt which are about to be shed (C. Chalouni, unpublished). The diVerence between these previous results [22] and those reported here are most likely due to diVerences in the methodology of detection of internalization or the particular cell lines examined. This phenotype may be reXected by the LIM1215 cell line, which unlike the rest of the lines tested, did internalize the antigen.
As a member of the immunoglobulin superfamily (IGSF) of proteins, which comprises a full 2% of the genome, A33 is a member of the largest class of mammalian proteins. Their basic extracellular structure consists of domains resembling the IgG fold, and they have notable diversity in their intracellular domains. Striking features of the A33 intracellular domain include a quadruple cysteine repeat followed by a highly acidic sequence. Its closest homologs include the coxsackie adenovirus receptor (CAR) [45] , cortical thymocyte receptor (CTX) [45] , endothelial cell adhesion molecule (ESAM), junction adhesion molecules 1-3 (JAM) [46] , and CEA-related cell adhesion molecules (CEACAMs) [47] . Many of these homologs have been implicated in cell-cell adhesion, and some are localized to regions of cell-cell contact or to the tight junction more speciWcally. They typically participate in dimeric interactions, and many also serve as attachment points for various intestinal viruses.
Here, we describe experiments that reveal some of the molecular properties of the A33 antigen. Taken together, this work demonstrates the persistent, immobile, and stable surface expression of A33-properties which may result from a link to the cytoskeleton through a complex of tight junction components. Additionally, these properties may be the source of the A33 antigen's uniquely promising proWle in clinical trials.
In the clinic, antibodies to A33 exhibit two distinctive properties. First, they remain tumor-localized for weeks. In some cases, persistent tumor localization is due to the residualizing properties of metal radionuclides. However, the A33 clinical trials have utilized radioactive iodine. Questions remain as to how these antibodies were able to persist-whether they were sequestered and stored along some traYcking route, or whether they simply remained bound to surface-localized antigen. Our studies here are consistent with the notion that the A33 antigen is surface-stabilized through a link to the cytoskeleton or as a part of a stable protein complex or membrane microdomain that allows the antigen to escape bulk membrane endocytosis and subsequent traYcking and endocytosis. The turnover halXife of greater than 2 days found here also likely underestimates the true turnover time in vivo. Over the course of the protocol used here, the cultures become overpopulated and some cells may respond by undergoing apoptosis, resulting in an artiWcially shorter halXife. Additionally, as mentioned previously, intracellular A33 staining is not seen in sections of human colon, except at the very tip of crypts, in cells that are proximal to being shed (C. Chalouni, unpublished). This data indicates that the simple explanation of persistence due to a lack of antigen turnover may be correct.
Secondly, and more signiWcantly, antibodies to A33 were found to penetrate solid tumors [12] . The ability to penetrate solid tumors has proven to be a signiWcant obstacle in RIT. To date, few successful RIT therapeutics target solid tumors. This failure is due to what are generally the conXicting goals of avoiding bone marrow toxicity while at the same time penetrating and thoroughly dosing tumor tissue. As a means to evade this toxicity at the same time as increasing penetration, manipulations of targeting construct size have been studied extensively. While these alterations do have the desired eVect on clearance parameters, thorough tumor penetration has still proven an elusive goal.
The diYculty in localizing therapeutics to the core of tumors may be due to a consumption-based barrier to diVusion [51] , in which antigen turnover reaches an equilibrium with diVusion and binding of the therapeutic at a given distance from the capillary-preventing penetration past that boundary. This phenomenon, which is further compounded by the "binding site barrier", in which high aYnity reagents bind to the Wrst unoccupied antigen they encounter [48, 49] , works against deep tumor penetration. In the case of A33, perhaps this barrier is evaded as the antigen is not internalized and degraded on the time scale of diVusion [50] .
The simple asset of persistent surface localization, which we have described here, may account for both of A33's distinctive RIT properties. It may allow the clinical antibodies to gain tumor speciWcity as normal epithelium is shed, and to penetrate the core of a solid tumor as diVusion outpaces turnover. We likewise speculate that this surface persistence may allow antibodies to A33 to have high availability to a radionuclide construct in PRIT. Taken together, these results point to A33 as a candidate for two-step therapies.
